Introduction
Ionizing radiation is a ubiquitous environmental agent occurring naturally in terrestrial rocks and the atmosphere. In addition, as society has evolved the use of radiation has become an essential component of modern life, particularly in energy production, and has widespread applications for industrial, military and medical use. As a result of its widespread use and cognizant of potential hazards associated with exposure to ionizing radiation, rules and regulations abound to minimize deleterious effects associated with radiation exposure.
Ionizing radiation is an extremely well-studied DNAdamaging agent and carcinogen. Until recently, many of the detrimental effects ascribed to cellular irradiation were considered the result of radiation depositing energy in the nucleus of the irradiated cell, and damaging a critical target in the nucleus, the DNA. The subsequent fate of the irradiated cell, tissue, organ or organism was though to reflect cellular responses to this induced DNA damage ( Figure 1a ). For example, the mutagenic and clastogenic effects were thought to result from cellular DNA repair processes, growth inhibition due to cell cycle checkpoint control and cell death due to failure of DNA repair processes ultimately resulting in mitotic failure and/or apoptosis.
A paradigm shift
Of late, there has been a rekindling of interest in nontargeted effects associated with exposure to ionizing radiation. These nontargeted effects describe a plethora of phenotypes associated with radiation exposure that seriously challenge the notion that radiation-induced deposition of energy in the nucleus of an irradiated cell leads to all those well-documented detrimental effects associated with exposure to radiation. It is not the purpose of this review to present a detailed analysis of these nontargeted effects. This will be presented elsewhere in this special issue, and has recently been reviewed in detail (Lyng et al., 2002; Lorimore and Wright, 2003; Morgan, 2003a, b) . Instead, the goal of this review is to attempt a unifying hypothesis, based on available data, that serves to analyse critically the mechanisms underlying the molecular basis for these nontargeted effects of ionizing radiation to drive future experimentation and investigation.
Nontargeted effects of exposure to ionizing radiation

Radiation-induced genomic instability
Radiation-induced genomic instability defines a host of potentially detrimental effects observed in the progeny of an irradiated cell, many cell divisions after the initial insult. Genomic instability is characterized by genetic changes including chromosomal rearrangements, micronuclei, transformation, gene amplifications, gene mutations and reduced plating efficiency (lethal mutations or delayed reproductive cell death) in cells derived and clonally expanded from an irradiated cell (Figure 1b and reviewed in Morgan et al., 1996; Wright, 1998; Little, 2000) .
The death-inducing effect
Another nontargeted effect is the death-inducing effect (DIE) observed when the tissue culture medium from clones of genomically unstable cells is transferred to cells that have never been irradiated. It is almost completely cytotoxic to the nonirradiated cells . Cellular factors from dead and/or dying cells in the unstable clones and/or secreted factors produced by the chromosomally unstable clones can generate chromosomal changes (Nagar et al., manuscript in preparation) or more frequently cell death in unirradiated cells (Figure 2 ; Nagar et al., 2003) . Note that DIE as described after medium transfer from genomically unstable cell clones is a different endpoint, and separate from radiationinduced bystander effects observed after medium transfer, which will be discussed in the following section. The GM10115 cell line that manifests DIE does not show a bystander response after medium transfer. Instead, our current hypothesis is that factors responsible for DIE are also responsible for perpetuating the instability phenotype, as clones exhibiting radiation induced genomic instability are generally refractory to DIE .
Radiation-induced bystander effects
Radiation-induced bystander effects occur when an irradiated cell communicates with nonirradiated cells via secreted factors and/or cell-to-cell gap junction communication pathways, eliciting responses in those cells that were not 'hit' by radiation (Figure 3 ). These bystander effects include induced chromosomal rearrangements, micronuclei, transformation, gene mutations and reduced plating efficiency. Interestingly, bystander effects appear to predominate at low doses of radiation, after both low linear energy X or gamma rays and low doses of high linear energy alpha particles (Little et al., 2002) .
Clastogenic factors
Clastogenic factors have been described in vivo and in vitro and manifest when blood plasma isolated from individuals occupationally, environmentally or therapeutically exposed to ionizing radiation can cause chromosomal aberrations after coculture with blood lymphocytes from nonirradiated individuals (Figure 4 ; reviewed in Morgan, 2003b) . These observations suggest that radiation can elicit the secretion of bloodborne factors that can cause chromosomal rearrangements in peripheral blood lymphocytes when mixed with blood from unirradiated subjects. When the medium from clonally expanded chromosomally unstable clones is filtered and transferred to sparsely populated dishes of cells and the reproductive capacity is measured by clonogenic survival, no surviving cells are observed (for details see Nagar et al., 2003) Interestingly, blood plasma from patients with the cancer-prone disorders ataxia telangiectasia, Blooms syndrome and Fanconi anemia can also cause chromosomal aberrations in peripheral blood samples from normal healthy subjects after coculture with plasma from afflicted patients (reviewed in Huang et al., 2003) . These disorders are characterized by chromosome fragility and cancer predisposition, perhaps suggesting a role for clastogenic factors in these chromosome breakage syndromes.
Transgenerational effects
Transgenerational effects are those occurring in the offspring following irradiation of one or both parents, usually the father, prior to conception ( Figure 5 ). Transgenerational effects as determined by increased mutation rates in expanded simple tandem repeat or minisatellite loci have been described in plant, animal and human studies. However, they are the subject of significant controversy and debate. This is primarily because of discrepancies between studies of the A-bomb survivors and the individuals living in radiation-contaminated areas in the former Soviet Union, as well as questions regarding the biological significance of the endpoint being evaluated. No transgenerational effects have been described in the offspring of the A-bomb survivors following exposure to radiation preconceptionally. In contrast, Dubrova and colleagues have reported that chronic exposure to individuals, primarily the father, living in radiation-contaminated areas around the Chernobyl accident or the Semipalatinsk nuclear weapons testing facility can lead increased mutation rates in expanded simple tandem repeat loci in the offspring (reviewed in Morgan, 2003b) .
Implications of nontargeted effects
These nontargeted effects indicate that the conventional paradigm ascribing the biological effects to radiationinduced DNA damage does not accurately reflect all described radiation effects. The deposition of energy in the nucleus certainly accounts for many of the direct effects of radiation, for example, gene mutations, chromosomal rearrangements and cell death. However, nontargeted effects occurring in the progeny of irradiated cells, for example, radiation-induced genomic instability and transgenerational effects, or in nonirradiated cells, for example, DIE, bystander effects and clastogenic factors indicate that alternative explanations to induced DNA damage must be considered when fully evaluating the long-term effects of radiation exposure. Furthermore, these nontargeted effects indicate that the target for radiation effects may be larger than the number of cells that were actually irradiated. At this stage a note of caution should be interjected. While nontargeted effects are well established and incontrovertible, like all biological systems there is variability within and between cell lines and animal strains utilized as well as considerable interindividual differences. This is particularly evident for studies of radiation-induced genomic instability in vivo (reviewed in Morgan, 2003b) . Clearly, genetic differences between animal strains are a major factor (Ponnaiya et al., 1997; Watson et al., 1997) , but since radiation is a relatively poor carcinogen it is perhaps not surprising that the in vivo literature is fraught with confusion and controversy.
Is there a unifying mechanism for the nontargeted effects of radiation? DIE, bystander effects and clastogenic factors all indicate that either secreted factors and/or cell-to-cell gap junction communication processes operate to transfer signals from irradiated, or unstable cells, to nonirradiated cells. In addition, these nontargeted effects demonstrate that this factor, or these factors, must be capable of causing genetic damage in the target cell that can ultimately lead to cell death.
Wright and colleagues (Kadhim et al., 1992; Lorimore et al., 1998) were the first to demonstrate that induced genomic instability could manifest in the progeny of cells that were not themselves actually irradiated, but were present in the radiation environment at the time of irradiation. They then extended these studies to an in vivo situation and demonstrated that when neutronirradiated cells were mixed with nonirradiated cells in vitro, then transplanted into recipient mice, genomic instability could be found in the unirradiated cell population (Watson et al., 2000) . These observations have subsequently been confirmed by Xue et al. (2002) , who injected mice with a mixture of LS174 T adenocarcinoma cells and LS174 T cells prelabeled with lethal doses of DNA-incorporated 125 Iodine. They observed a distinct inhibitory effect on the growth of the nonlabeled tumor cells, which they concluded was due to a bystander effect produced by radiolabeled tumor cells. Thus, instability, both in vitro and in vivo, can occur by a bystander-like process, in turn suggesting a role for intercellular communication and/or secreted factors. Obviously, clastogenic factors must result from secreted factors present in the plasma from peripheral blood samples from irradiated subjects, otherwise the clastogenic effect described after a variety of exposure scenarios (reviewed in Morgan, 2003b) would not exist.
These bystander-like interactions could involve the production of cytokines (Iyer and Lehnert, 2000) and/or free radical production (Lyng et al., 2000) . Increased levels of reactive oxygen species in genomically unstable clones have been described (Clutton et al., 1996; Limoli et al., 1998 Limoli et al., , 2001 , and recently it was reported that X radiation caused a persistent induction of reactive oxygen species in normal human fibroblasts (Rugo et al., 2002) . Indeed we have speculated that following irradiation, free radical production could stimulate cytokine production, which in turn could produce more free radicals creating a culture environment conducive to stimulating and perpetuating the unstable phenotype (for details, see Morgan et al., 2002) . Lorimore and Wright (2003) have pointed out that intercellular signaling, production of cytokines and free radicals are features of inflammatory responses and have the potential for both bystander-mediated and persistent damage. Furthermore, they have in vivo evidence for inflammatory-type responses occurring in mice after irradiation (Lorimore et al., 2001) . A hypothetical model unifying these features to explain dynamic radiation-induced genomic instability is proposed in Figure 6 .
A direct test of whether secreted factors perpetuated the chromosomal instability phenotype that we have been investigating led us to describe DIE. We argued that if secreted factors were present in medium from unstable cells and these were perpetuating the unstable phenotype in our long-term unstable clones, Figure 5 Transgenerational effects. (a) A male is exposed to ionizing radiation and then contributes to the conception of five children, two of which (1 and 3) show mutations in expanded simple tandem repeats (minisatellite loci). (b) A schematic of an agarose gel for mutation analysis at one hypothetical expanded simple tandem repeat loci. Lanes 1: mother; 2: father; 3: offspring #1 with a paternal mutation; 4: offspring #2 is normal; 5: offspring #3 with a different paternal mutation from proband 1; 6 and 7: normal offspring Effects of exposure to ionizing radiation WF Morgan then this medium should stimulate chromosomal instability in nonirradiated cells. Instead, it was almost completely cytotoxic to parental GM10115 cells . We hypothesize that DIE factor(s) drive chromosomal instability over time in our clones of radiation-induced genomically unstable cells. These clones are 'more tolerant' of the DIE factor(s) that break DNA (Nagar et al., submitted) leading to chromosomal rearrangements (Marder and Morgan, 1993) , increased apoptosis (Limoli et al., 1998) and ultimately reduced plating efficiency (Limoli et al., 1997) , all of which we observe in our unstable clones. This is why our unstable clones continue to show novel chromosomal rearrangements, elevated apoptosis and a general failure to thrive over time when compared with our irradiated, but genomically stable cell clones.
While secreted factors may explain radiation-induced genomic instability, bystander effects, DIE and clastogenic factors, it is difficult to imagine a scenario whereby a secreted factor could influence the reported transgenerational effects. It is unlikely that the radiation directly damages the expanded simple tandem repeats themselves or that the negligible cytoplasmic component of the mature sperm could carry a secreted factor or other radiation-induced species into the egg during fertilization. It is more likely that the transmitted signal is DNA dependent (Dubrova et al., 1998b (Dubrova et al., , 2000a . Dubrova et al. (2000b) have also speculated that a radiation-exposure signal could be inherited through sperm in an epigenetic manner, perhaps via changes in DNA methylation. This epigenetic signal could influence those cellular processes maintaining the integrity of the DNA, for example, DNA repair. If the epigenetic signal could survive the reprogramming of DNA methylation during spermatogenesis and early development, then subsequent activation of the signal in the germline could lead to the observed transgenerational mutagenesis. Whatever the mechanism, transgenerational mutation induction at minisatellites appears to reflect nontargeted events and minisatellite mutation itself most probably occurs in diploid germ cells, at least in humans (Dubrova et al., 1998a) .
Conclusions
Defining a mechanism for those nontargeted effects occurring in cells surviving radiation exposure poses a new challenge to understanding the long-term biological effects of cellular irradiation. Whether or not these effects reflect a common mechanism remains to be determined, but a transmissible secreted factor could help explain the high frequency with which many of these occur, and the general lack of a well-defined dose response for nontargeted effects (Limoli et al., 1999; Smith et al., 2003) . While the biological significance of these nontargeted effects remains to be determined, it is tempting to speculate on their involvement in those molecular events that transform a normal cell to the characteristic of the malignant phenotype associated with radiation carcinogenesis (Huang et al., 2003; Little, 2000) . Effects of exposure to ionizing radiation WF Morgan
